Meteorological influences of SST anomaly over the East Asian marginal sea on subpolar and polar regions: A case of an extratropical cyclone on 5–8 November 2006  by Ueda, Ami et al.
Available online at www.sciencedirect.comPolar Science 5 (2011) 1e10
http://ees.elsevier.com/polar/Meteorological influences of SST anomaly over the East Asian
marginal sea on subpolar and polar regions: A case of an
extratropical cyclone on 5e8 November 2006
Ami Ueda a, Masaru Yamamoto b,*, Naoki Hirose b
a Interdisciplinary Graduate School of Engineering Science, Kyushu University, 6-1 Kasuga-Kouen, Kasuga 816-8580, Japan
bResearch Institute for Applied Mechanics, Kyushu University, 6-1 Kasuga-Kouen, Kasuga 816-8580, Japan
Received 13 April 2010; revised 22 October 2010; accepted 30 November 2010
Available online 6 January 2011AbstractThe eddy-resolving Japan Sea (East Sea) data assimilation affects the mid-level troposphere via vertical wind in the early stage
of an explosively developing extratropical cyclone on 5e8 November 2006, and its influence further propagates toward the subpolar
and polar regions. Two types of atmospheric responses (convective and gravity-wave patterns) to a sea surface temperature (SST)
difference resulting from the ocean data assimilation are found in the early stage of the cyclone development over the western and
central Japan Sea. A gravity-wave (convective) pattern appears when the near-surface atmosphere is stable (unstable). The
atmospheric signals induced by the SSTanomaly resulting from assimilation of the ocean circulation model are subject to advection
and can deform with time owing to nonlinearity and instability. The differences in atmospheric and surface temperatures are widely
and rapidly spread over the polar region by strong synoptic-scale cyclonic advection. On the other hand, the SST effects on vertical
flow and precipitation are limited to narrow areas around the northern Japan Sea and the Pacific cold front in the fully developed
stage. Such a developing cyclone is potentially important as a transporter of the meteorological influence over the Japan Sea toward
the polar region.
 2011 Elsevier B.V. and NIPR. All rights reserved.
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It is difficult to estimate high-resolution sea sur-
face temperature (SST) distributions in the East Asian
marginal seas under cloudy and rainy weather conditions
in the cold season. Data missing for regions under cloud
cover and coastal areas is a serious issue for accurate SST
estimation over the wintertime Japan Sea (East Sea).* Corresponding author.
E-mail address: yamakatu@riam.kyushu-u.ac.jp (M. Yamamoto).
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doi:10.1016/j.polar.2010.11.002Recently, to overcome this issue, SST was estimated at
a high-resolution by combining satellite-based measure-
ments (sea surface temperature and height) into an eddy-
resolving ocean circulation model (OCM) (Manda et al.,
2005; Hirose et al., 2007).
Meteorological effects of the high-resolution ocean
data assimilation around the Japan Islands were investi-
gated by Yamamoto and Hirose (2007, 2008), who
simulated a developing extratropical cyclone and cold-air
outbreak over the Japan Sea. They reported that the
difference between the OCM assimilation and optimumreserved.
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lations. According to Yamamoto and Hirose (2009), in
comparison with the optimum interpolation SST, the
OCM assimilation SST improves simulated monthly
precipitation. The persistent SST structure resulting from
mesoscale oceanic eddies affects wintertime weather
around Japan. However, the effect of the Japan Sea data
assimilation on weather in the northwestern Pacific area
outside the Japan Sea has not yet been addressed.
In the present study, we investigate the meteorological
influence of the eddy-resolving Japan Sea data assimila-
tion for the low-temperature area around theOkhotskSea,
where many cyclones developed in the winter seasons
during 1948e2002 (Zhang et al., 2004). Some cyclones
develop explosively over the northwestern Pacific
(Yoshida and Asuma, 2004; Kuwano-Yoshida and
Asuma, 2008). Some of these explosive cyclones origi-
nate from the Japan Sea. We focus on the difference in
oceanic processes at mesoscales over the Japan Sea with
and without the assimilation, and demonstrate how the
meteorological influence of the Japan Sea data assimila-
tion propagates to the Okhotsk Sea in the case of an
explosive extratropical cyclone that led to a severe
meteorological disaster on 7 November 2006 in Hok-
kaido, Japan. While the research area was limited to the
Japan Sea area in previous works using the OCM assim-
ilation SST, it is newly extended to the polar and subpolar
regions in the present study. This is the first step in
understanding the meteorological influence of eddy-
resolving simulation of the Japan Sea on the polar region.
Rather than climatologically averaging atmospheric
responses to the SST front as in previous works (e.g.,
Minobe et al., 2008), we discuss short-term (daily aver-
aged) responses to local SST over the Japan Sea. The
importance of the short-term atmospheric dynamics over
oceanic mesoscale eddies is emphasized in this article.
2. Data and model
The OCM assimilation SSTwith a 1/12 resolution in
latitude/longitude was obtained by integrating satellite-
borne and ship-borne measurements into the Japan Sea
circulation model of the Research Institute for Applied
Mechanics (RIAM), Kyushu University, Japan (Hirose
et al., 2007, hereafter, the assimilation SST is termed
RIAMSST). The high-resolution optimum interpolation
product provided by Tohoku University, Japan, was used
as input data in the ocean assimilation model. This is the
New-Generation Sea Surface Temperature with a grid
size of 0.05 for OpenOcean Ver. 1.0 (NGSST), obtained
from infrared and microwave radiometers employing the
optimum interpolation of Guan and Kawamura (2004).In the present study, we examined the effects of using
the two different SSTs (RIAMSSTand NGSST) over the
Japan Sea on atmospheric simulations for the north-
western Pacific on 5e8 November 2006, using the fifth-
generation mesoscale model of the Pennsylvania State
UniversityeNational Center for Atmospheric Research
ver. 3 (PSU/NCAR MM5V3, Dudhia, 1993; Grell et al.,
1995) with 23 sigma layers. The two experiments are
termed Exp. R and Exp. N for the RIAMSSTandNGSST
cases, respectively. In the sea area outside the Japan
Sea, the NOAA (National Oceanic and Atmospheric
Administration) weekly optimum interpolation SST
(Reynolds and Smith, 1994) was used at the lower
boundary. The initial (0000UTC 5 November 2006)
and lateral boundary conditions were calculated from
National Centers for Environmental Prediction/Final
operational global analysis data (NCEP/FNL, ds083.2).
The SST data were updated every day, and the lateral
boundary data were updated every 6 h. The land-surface
temperature was calculated by a five-layer soil model
based on the vertical diffusion equation. The mother
domain, which consists of a 658  312 horizontal grid
with a resolution of 30 km, is located in the area of the
northwestern Pacific (Fig. 1a). The inner two-way nested
domain, consisting of a 388  296 grid with 10 km
resolution, is located in the area of the Japan Sea (Fig. 1b).
The explicitmoisture scheme including themixingphase,
the Medium-Range Forecast Planetary Boundary Layer
scheme, the Grell cumulus parameterization, and the
cloud radiation scheme were applied in the simulation.
3. Results
An oceanic front with a large temperature gradient is
observed over the central Japan Sea (Fig. 2a). Since the
OCM data assimilation reproduces oceanic mesoscale
eddies and coastal upwelling, we find significant SST
difference due to the assimilation (Fig. 2b) over the sea
area. RIAMSST is higher than NGSST in the central
area because of the oceanic eddies over the SST front,
and it is lower along the eastern coast of the Korean
Peninsula. In this section, we investigate the meteoro-
logical effect of the difference between NGSSTwithout
OCM assimilation and RIAMSSTwith the assimilation.
Fig. 3 shows the sea-level pressures obtained from
a weather map and Exp. R. The distributions and
intensities of cyclones in Exp. R are almost the same as
those in Exp. N (not shown). An extratropical cyclone
formed over the central Japan Sea around 1200UTC on 6
November 2006. The central pressure of 1004 hPa in
the early stage of the cyclogenesis is reproduced in the
two simulations. The cyclone developed while
Fig. 1. Terrain height (shade) of the (a) outer and (b) inner model domains. Labels J, O and P indicate the Japan Sea (East Sea), Okhotsk Sea, and
Pacific, respectively.
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sure of 984 hPa was located around 48N, 143E.
Although the simulated central pressures of 987 hPa in
Exp. R and Exp. N are somewhat higher than that on the
weather map, the pressure patterns in these simulations
agree well with the observation.
Fig. 4 shows the horizontal distributions of the
differences in SST and vertical flows. In the areas
indicated by black dashes and gray dots for 6 November
(left panels), the SST difference affects vertical flow at
the 950-hPa level, although the vertical flow signals are
slightly shifted northeastward. On the other hand, the
horizontal distribution of the vertical flow anomaly at
700 hPa does not correspond to that of the SST ano-
maly in the central Japan Sea. Although the signals are
deformed by dynamical nonlinearity, they originate
from the SST anomaly because the model settings
except for SST are the same in the two experiments.
The signals of the vertical flow difference are strongerFig. 2. Horizontal distributions of (a) RIAMSST (K) averaged ove
(RIAMSSTNGSST).than those on 7 November (right panels). Thus, the
effect of the OCM assimilation SST anomaly is
predominant in the early stage of the Japan Sea cyclone
(6 November).
To elucidate the meteorological effects of the SST
front around 40N on the vertical structure of the atmo-
spheric circulation, Fig. 5 represents the SST difference
due to the ocean assimilation (RIAMSSTNGSST) on 6
November. RIAMSST (Exp. R) is 1 K higher than
NGSST (Exp. N) in the central region between 131E
and 135E, and is 1 K lower west of 131E. The SST
difference does not largely change with time throughout
the simulation periods because the mesoscale oceanic
eddies are seasonally persistent. Thus, small SSTupdates
do not affect the simulation.
Fig. 6 shows the longitudeeheight distributions of
winds and their differences. On 6 November, the SST
difference due to the ocean data assimilation affects the
mid-level troposphere via the (background) upwardr 5e8 November 2006 and (b) the difference with NGSST
Fig. 3. Sea-level pressure obtained from (a) a weather map and (b) Exp. R at 1200UTC on 6 (left) and 7 (right) November 2006.
4 A. Ueda et al. / Polar Science 5 (2011) 1e10flow. In Exp. R (left panel of Fig. 6a), we find convective
deep upward wind around 132E and weak disturbances
(waves) in themid-level troposphere between 132E and
137E. The strongest vertical wind is observed near the
upper jet (for which the zonal wind speed is higher than
40 m s1). The waves in the region of 132E137E
might be emitted from the convection around 132E or
from the strong upper jet around 139E.
Positive and negative differences in the vertical flow
over the sea area roughly correspond to positive and
negative differences in the SST, respectively. An anti-
clockwise convective pattern appears in thewestern Japan
Sea (130E133E in the left panels of Fig. 6b and
Fig. 7), where the near-surface atmosphere is unstable
(i.e., the potential temperature decreases with altitude
below 900 hPa in the left panel of Fig. 7). On the other
hand, there is a gravity-wave pattern in which the vertical
and zonal wind differences are in phase in the centralJapan Sea (134E138E in the left panel of Fig. 6b),
where the atmospheric stability is high near the surface.
The gravity-wave pattern induced by the OCM assimi-
lation SST anomaly is emitted from the convection area
around132E. It seems that thewaves are enhancedby the
SST anomaly in the region between 134E and 138E.
This wave pattern is not numerically forced by an initial
shock resulting from themodel setting (see Appendix A).
In contrast to the results for 6 November, the upward flow
is weak on 7 November in Exp. R, and the difference
in atmospheric circulation is small (right panels of Fig. 6).
Because the downwardwind of the developing baroclinic
wave is predominant in the northerly wind region (e.g.,
Holton, 2004), it is difficult for the upward flow to
strengthen after the cyclone passes through the Japan Sea.
The difference in the atmospheric circulation is large
(small) on 6 November (7 November), when the back-
ground upward wind is strong (weak). The strong
Fig. 4. Longitudeelatitude distributions of differences in (a) SST (K), (b) vertical wind velocity (mm s1) at 950 hPa and (c) vertical wind
velocity (mm s1) at 700 hPa, averaged over 24 h from 0000UTC on 6 (left panels) and 7 (right panels) November 2006. The values obtained from
Exp. R minus values obtained from Exp. N are plotted.
Fig. 5. The SST difference between Exp. R and Exp. N, averaged
over 39Ne41N and over 24 h from 0000UTC on 6 November
2006. The values obtained from Exp. R minus values obtained from
Exp. N are plotted.
5A. Ueda et al. / Polar Science 5 (2011) 1e10background upward flow is likely to produce the strong
signals of the vertical flow difference induced by the
OCM assimilation. Thus, the presence of the background
downward flow might suppress the atmospheric signals,
as is seen after the cyclonepasses through the JapanSea (7
November).
A strongmeteorological influence over the Japan Sea
in the early stage of the cyclogenesis propagates toward
the area of the Okhotsk Sea, and could deform with time
as a result of nonlinearity and instability. In this article,
we focus on the migrations of the signals induced by the
OCM assimilation, because it is difficult to separate
a signal into the three relevant dynamical processes
(advection, nonlinearity, and instability). As shown in
Fig. 8a, the difference in the vertical flow at 700 hPa
migrates from the central Japan Sea area to the northern
sea area, as the developing cyclone travels northeast-
ward. In the western and central Japan Sea, the vertical
flow is immediately affected by the SST difference in
the early stage of the cyclone (Fig. 8a, left), but it is
Fig. 6. Longitudeepressure cross-sections of (a) vertical wind (shading, mm s1) and zonal wind (contours, m s1) in Exp. R and (b) differences in
vertical and zonal winds (Exp. R minus Exp. N), averaged over 39Ne41N and over 24 h from 0000UTC on 6 (left) and 7 (right) November 2006.
Fig. 7. Longitudeepressure cross-sections of the wind-vector differences between Exp. R and Exp. N (Exp. R minus Exp. N), averaged over
39Ne41N and over 24 h from 0000UTC on 6 (left) and 7 (right) November 2006. The contours show the potential temperature (K) in Exp. R.
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7A. Ueda et al. / Polar Science 5 (2011) 1e10hardly in the fully developed stage (Fig. 8a, right). At
1200UTC on 7 November (the fully developed stage of
the extratropical cyclone), the difference in the vertical
flow is limited around the northern Japan Sea and Pacific
cold front. In the case of the cold-air outbreak over the
western and central Japan Sea, the SST difference does
not largely affect the vertical flow at 700 hPa (Fig. 8a,
right). The difference pattern of the precipitation in
Fig. 8b is similar to that of vertical flow in Fig. 8a, since
rainfall is closely associated with upward flow. The
marked differences move to the northern Japan Sea asFig. 8. Horizontal distributions of the differences (Exp. R minus Exp. N) in
sensitivities of (c) hourly precipitation (mm) to the initial condition (Exp. N
November (middle) and 1200UTC on 7 November (right).the center of the cyclone advances. The precipitation and
vertical flow differences in the Pacific region of 150E
are due to the difference in the location of the cold front
in the two experiments.
To examine the influence of the initial condition, we
conducted a comparative simulation using NGSST,
which is started at 0000UTC on 4 November (1 day
earlier than for Exp. N). This experiment is termed Exp.
N1 in this article. The results for Exp. N1 are similar to
those for Exp. N and Exp. R (not shown). For precipi-
tation (and also vertical flow), the areas in which(a) vertical wind (m s1) and (b) hourly precipitation (mm) and the
1 minus Exp. N) at 1200UTC on 6 November (left), 0000UTC on 7
8 A. Ueda et al. / Polar Science 5 (2011) 1e10differences with Exp. R emerge correspond to areas of
difference with Exp. N1. Because the differences in
locations of precipitation are very small among the
simulations, the difference patterns in Fig. 8b are quite
similar to those in Fig. 8c. In such a situation, the effects
of SST and the initial condition on precipitation and
vertical flow are almost indistinguishable.
A synoptic-scale southerly flow of greater than
20 m s1 is predominant over the Seas of the Japan and
Okhotsk at 700hPa for 24h (Fig. 9).The strongnorthward
advection leads to a rapid and wide spread of the
temperature differences over the Japan Sea toward the
Okhotsk Sea (Fig. 10). In the fully developed stage
(1200UTC on 7 November), the difference in the poten-
tial temperature at 700 hPa spreads to the polar region
higher than 60N (Fig. 10a, right), although the center of
the cyclone is located around 48N, 143E. The differ-
ence in the surface temperature then also spreads to the
polar region far from the Japan Sea (Fig. 10b, right),
together with the difference in the lower-level potential
temperature. The effect of SSTon the temperature differs
from the effect of the initial condition in Siberia, because
the SST anomaly continues throughout the simulation.
Differences with Exp. R are found in areas where the
differenceswith Exp.N1 are small (white area at latitudes
higher than 50 in Fig. 10c). Thus, the SST anomaly
affects the atmospheric temperature, and its influence
spreads toward the polar region via advection.
The difference in the Japan Sea SST due to the data
assimilation affects vertical flow and precipitation around
the northern JapanSeabecause of thenorthwardmigration
of the cyclone andover the Pacific because of the eastward
migration of the cold front (Figs. 3 and 8). On the other
hand, the thermal effects of the Japan Sea SST in the early
stage are widely and rapidly spread over the polar region
by the synoptic-scale cyclonic advection (Figs. 9 and 10).Fig. 9. Horizontal distributions of geopotential height (m, contour) and ho
(left), 0000UTC on 7 November (middle) and 1200UTC on 7 November (The rapidly migrating temperature differences of more
than1Karenot trivial in thepolar region.Thus, thepresent
work suggests that the rapid migration of the difference
induced by the SST anomaly could affect local weather
forecasting over the polar region in the cyclogenesis
process over the East Asian marginal seas.
4. Concluding remarks
In contrast to the investigation of climatologically
averaged atmospheric responses to the SST front
in previous works, short-term responses to local SST are
investigated using a regional atmospheric model in this
work. The SST difference due to ocean assimilation
(between RIAMSST and NGSST) affects the vertical
motion over the Japan Sea in the early stage of an
explosively developing extratropical cyclone
(6November 2006). In the present simulations, we newly
find two types of atmospheric responses (convective and
gravity-wave patterns) to the SST difference over the
Japan Sea. The convective structure appears over the
unstable boundary layer where the upward flow is
predominant in Exp. R. On the other hand, the gravity-
wave structure appears over the stable boundary layer to
the east of the convective upward flow. The signals of the
vertical wind anomaly weaken in the region of strong
downward flow on 7 November. The meteorological
effect in the early stage (when upward wind is dominant)
is stronger than that in the fully developed stage (when
downward wind is dominant) in the western and central
JapanSea.The strongbackgroundupwardflow is likely to
produce the strong signals of the vertical flow difference
induced by the OCM assimilation. In contrast, the pres-
ence of the background downward wind suppresses the
signals of the vertical flow difference after the cyclone
passes through the Japan Sea.rizontal wind (m s1, vector) in Exp. R at 1200UTC on 6 November
right).
Fig. 10. Horizontal distributions of the differences (Exp. R minus Exp. N) in (a) potential temperature (K) at 700 hPa and (b) surface temperature
(K) and the sensitivities of (c) surface temperature (K) to the initial condition (Exp. N1 minus Exp. N) at 1200UTC on 6 November (left),
0000UTC on 7 November (middle) and 1200UTC on 7 November (right).
9A. Ueda et al. / Polar Science 5 (2011) 1e10Themeteorological effect in the early stage propagates
toward the Okhotsk Sea, and could deform with time as
a result of nonlinearity and instability. The differences in
atmospheric and surface temperatures are rapidly and
widely spread to the polar region higher than 60N by
strong synoptic-scale cyclonic advection. On the other
hand, the differences in vertical flow and precipitation are
limited to the narrow areas around the central northern
Japan Sea cyclone and the Pacific cold front zone in the
fully developed stage. Such an explosive cyclone
advancing along the East Asian marginal sea areapotentially transports meteorological effects over the
mid-latitude ocean in the early stage toward the polar
region. In future work, dynamical processes including
nonlinearity and instability should also be considered in
the physical interpretation of the remote signals. Be-
cause the dynamical processes are sensitive to initial
conditions, ensemble experiments are needed to validate
the argument that the remote responses physically origi-
nate from SST differences in the Japan Sea. Thus, wewill
conduct long-term ensemble simulations to clarify the
polar climatic effect of the East Asian marginal sea.
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Appendix A. Wind differences induced by the
initial OCM assimilation SST anomaly
Figure A1 shows the longitudeepressure cross-
section of differences in vertical flow and zonal flow,
averaged over 39Ne41N at 1 h after the initial time.
The cold (warm) SSTanomaly, which is almost the same
as that in Fig. 5, leads to a westward (eastward) wind
anomaly. A shallow convection pattern is found in the
cold SSTanomaly area. The downward wind anomaly is
located at the SST anomaly minimum near 129E. We
see neither a gravity-wave pattern nor an initial shockFig. A1 Longitudeepressure cross-section of differences in vertical
wind (shading, mm s1) and zonal flow (contours, m s1) (Exp. R
minus Exp. N), averaged over 39Ne41N at 0100UTC on 5
November 2006.induced by model setting in Fig. A1. Consequently, the
gravity-wave pattern in Fig. 6b is not formed by the
growth of the initial shock due to the model setting.References
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